Peripheral neuropathy (PN) due to mitochondrial injury complicates HIV therapy with some nucleoside reverse transcriptase inhibitors (NRTIs). Variation in the mitochondrial genome may influence susceptibility to NRTI toxicities. Two non-synonymous mitochondrial DNA polymorphisms, MTND1*LHON4216C (4216C) and MTND2*LHON4917G (4917G) were characterized in HIV-infected participants exposed to NRTIs in a randomized clinical trial. Among 250 self-identified white, non-Hispanic participants, symptomatic PN (X grade 1) developed in 70 (28%). Both 4216C (odds ratio (OR) ¼ 1.98 (95% confidence interval (CI) 1.05-3.75); P ¼ 0.04) and 4917G (OR ¼ 2.93 (95% CI 1.25-6.89); P ¼ 0.01) were more frequent in PN cases. These two polymorphisms remained independently associated with PN after adjusting for age, baseline CD4 count, plasma HIV RNA level, and NRTI randomization arm; 4216C (OR ¼ 2.0 (95% CI 1.1-4.0) P ¼ 0.04) and 4917G (OR ¼ 5.5 (95% CI 1.6-18.7) Po0.01). When 4917G individuals were excluded from the analysis, the association with 4216C was no longer seen. The mitochondrial 4917G polymorphism may increase susceptibility to NRTI-associated PN.
Introduction
Potent antiretroviral therapies have reduced acquired immunodeficiency syndrome (AIDS) morbidity and mortality. 1, 2 The nucleoside reverse transcriptase inhibitors (NRTIs) were the first drugs approved to treat HIV infection and are cornerstones of multidrug antiretroviral regimens. These compounds are structural analogs of adenosine, guanosine, cytidine or thymidine. The active intracellular phosphorylated anabolites of NRTIs compete with endogenous nucleotides for incorporation into the proviral DNA causing premature chain termination during reverse transcription. 3, 4 Unfortunately, prolonged exposure to NRTIs may cause a number of toxicities. This was first noted when patients treated with zidovudine (ZDV) developed skeletal myopathies with ragged-red fibers, a hallmark of mitochondrial dysfunction. 5 There were also significantly decreased levels of mitochondrial DNA in the muscle and liver tissues of these patients. 4, 6, 7 These untoward effects are due in part to the inhibition of mitochondrial DNA polymerase-g by NRTIs. 8, 9 Additional toxicities associated with NRTIs include peripheral neuropathy (PN), lipoatrophy, hepatic steatosis and lactic acidosis. 10 PN can develop in HIV-infected persons during exposure to NRTIs, especially didanosine (ddI) and stavudine (d4T). 11, 12 This debilitating complication is characterized by symmetric distal anesthesia and/or painful dysesthesia. 13 PN is also a common finding in inherited mitochondrial disease. [14] [15] [16] Elevated blood lactate levels, another sign of mitochondrial dysfunction, were also found in patients developing PN while on NRTIs. 17 Abnormal mitochondria and mitochondrial DNA depletion have also been seen with ddI-associated PN. 18 Similarities between the clinical manifestations of inherited mitochondrial diseases and NRTI toxicities prompted us to look for variations in the mitochondrial genome that may help explain susceptibility to PN among HIV-infected persons.
Mitochondria are cytoplasmic organelles that have their own DNA.
14 This mitochondrial genome encodes for 13 subunits of the electron transport chain, as well as a complete set of ribosomal RNAs and transfer RNAs.
14 This chain of multisubunit protein complexes is embedded in the inner mitochondrial membrane and produces about 90% of cellular ATP. 19, 20 In addition to the key role in cellular energy production, mitochondria are also involved in free radical generation and apoptosis. 15, 19, 20 The mitochondrial genome is distinct from the nuclear genome and exhibits abundant genetic variation across its 16 569 base pairs. 14, 15 Mitochondrial DNA undergoes sequence evolution approximately 10-17 times faster than nuclear DNA. 15 Each mitochondrion contains many copies of this circular, maternally inherited genome. 14, 15 Human mitochondrial genomes have diverged over approximately the last 150 000 years due to natural selection and human migration. The result is many distinct patterns of single-nucleotide polymorphisms in the mitochondrial DNA, called haplogroups. [14] [15] [16] [21] [22] [23] This genetic variation leads to distinctive human mitochondrial electron transport chains. We hypothesize that these haplogroups have different capacities for energy production, free radical generation and apoptosis. Epidemiological evidence for functional differences among haplogroups has been demonstrated previously in studies of neurodegenerative disorders including Parkinson's disease, Alzheimer's disease, Friedreich's ataxia and amyotrophic lateral sclerosis. [24] [25] [26] [27] [28] We previously described an association between haplogroup T and NRTI-associated PN among HIV-infected US participants in a prospective, randomized clinical trial. 29 Mitochondrial haplogroup T is found primarily in people of European descent, hence our analyses focused on Caucasians. Of 137 Caucasians randomized to receive ddI plus d4T, 20.8% of those who developed PN belonged to haplogroup T compared with 4.5% of those who did not develop PN (OR 5.4; 95% confidence interval (CI), 1.4-25.1; P ¼ 0.009). After adjusting for gender, baseline CD4 count and baseline plasma HIV RNA, only haplogroup T, randomization to ddI plus d4T and older age independently predicted development of PN. 29 Because the singlenucleotide polymorphism at position 13 368 in the mitochondrial genome that is a marker for haplogroup T happens to be synonymous (not resulting in an amino-acid change), this specific polymorphism is unlikely to alter mitochondrial function and explain susceptibility to NRTI toxicity. 22 We therefore explored in greater detail the underlying genomics of mitochondrial haplogroup T.
Mitochondrial haplogroup T has previously been associated with several other phenotypes. Ruiz-Pesini et al. 30 identified an association between haplogroup T and male infertility due to asthenozoospermia. In the same study, Complex I function in haplogroup T was moderately decreased compared with other European mitochondrial haplogroups. Haplogroup T has also been associated with DIAMOAD, a rare disorder comprising diabetes insipidus, diabetes mellitus, optic atrophy and deafness. 31, 32 In a study that associated haplogroup T with Parkinson's disease, a link with the non-synonymous, moderately conserved polymorphism at position 4216 was proposed. 33 This MTND1*LHON4216C (4216C) polymorphism had previously been linked with Leber's Hereditary Optic Neuropathy (LHON). 34, 35 This polymorphism substitutes a histidine for tyrosine in the ND1 subunit of Complex I in the mitochondrial electron transport chain. However, 4216C is found in both haplogroup T and haplogroup J. Another non-synonymous polymorphism, MTND2*LHON4917G (4917G), is found almost exclusively in haplogroup T and has also been associated with LHON. Neither polymorphism is among the three primary LHON mutations, but both have been associated with other neurodegenerative phenotypes. 17, 31 The objective of this study was to determine whether these two nonsynonymous polymorphisms in the mitochondrial genome, MTND1*LHON4216C and MTND2*LHON4917G, are associated with the development of NRTI-associated PN in HIVinfected patients. To accomplish this we further analyzed the same study population in which we first identified an association between mitochondrial haplogroup T and PN. 29 
Results

Study population
A total of 980 volunteers in the US and Italy were randomized to receive ZDV plus lamivudine (3TC) or ddI plus d4T in combination with efavirenz, nelfinavir, or both in ACTG study 384. Five hundred twenty-six participants (54%) had DNA available for analysis and all were genotyped. Patients with DNA samples were similar to those without genetic material available with regard to age, gender, race, baseline HIV RNA, and baseline CD4 count. 29 We excluded 17 (3.2%) participants from our analyses because they had either a diagnosis of PN or signs consistent with that diagnosis before randomization. Also, because this is a study of polymorphisms associated with haplogroup T, which is found almost exclusively in non-Hispanic white populations, the remainder of the analysis was restricted to this group (N ¼ 250) because of insufficient power in the African-American or Hispanic-American groups to make meaningful comparisons. Baseline characteristics of these study participants are presented in Table 1 . Of the 250 study participants, 137 (55%) were randomized to receive ddI plus d4T, whereas 113 (45%) were randomized to receive ZDV plus 3TC. Symptomatic PN, defined as X grade 1, developed in 70 (28%) people during the study follow-up period and developed more frequently in participants randomized to ddI þ d4T (69 vs 31%, Po0.01). The median follow-up time for this study was 2.3 years. Cases with PN were older than the unaffected controls (38 vs 35 years, P ¼ 0.01). Baseline CD4 lymphocyte counts and HIV-1 RNA levels were not significantly different in cases compared with controls.
Mitochondrial genotyping results
As expected, 4216C and 4917G were more frequent in non-Hispanic whites (21.3 and 9.7%, respectively) than in African-Americans (3.9 and 1.3%, respectively). Among the 250 non-Hispanic whites, all were successfully genotyped for 4216C but two (o1%) could not be genotyped for 4917G. The 4917G allele was found almost exclusively in haplogroup T, whereas the 4216C allele occurred in both haplogroup J and T. Only one individual with the 4917G polymorphism did not also have 4216C polymorphism.
Analysis of mitochondrial genotypes with PN outcome Both 4216C and 4917G were significantly more frequent in cases than controls among non-Hispanic whites (Table 2) . 4216C was present in 30% of cases compared with 18% of controls odds ratio (OR) ¼ 1.98 (95% CI 1.05-3.75; P ¼ 0.04). Twelve (50%) of 24 non-Hispanic Caucasian participants with 4917G developed PN during the study compared with 57 (25%) of 224 participants without this allele (OR ¼ 2.93 (95% CI 1.25-6.89) P ¼ 0.01). The association was stronger in those initially randomized to ddI plus d4T where the univariate OR for the 4216C allele was 2.5 (95%CI 1.1-5.6, P ¼ 0.03) and for the 4917G allele was 5.5 (95% CI 1.6-18.7, Po0.01).
To determine whether these mitochondrial polymorphisms were independently associated with PN, we adjusted for potential confounders by using a multivariate logistic model that incorporated age, gender, drug randomization arm (ddI plus d4T vs ZDV plus 3TC, as well as blinded efavirenz, nelfinavir, or both), baseline CD4 T-cell count, and baseline plasma HIV-1 RNA concentration. In separate models, both 4216C and 4917G were independently associated with PN, with adjusted OR 2.0 (95% CI 1.1-4.0, P ¼ 0.04) and 3.0 (95% CI 1.2-7.4, P ¼ 0.02), respectively ( Figure 1) . Among the subgroup of 53 non-Hispanic whites with the 4216C allele, 12 (52%) of the 23 with the 4917G allele developed PN compared with nine (30%) of the 30 without this allele (P ¼ 0.10). When those with the 4917G allele are excluded from the multivariate analysis described above, the independent association of the 4216C allele with the PN outcome was no longer seen (OR ¼ 1.4, 95% CI 0.6-3.4, P ¼ 0.44). Therefore, it appears that the 4917G polymorphism may increase susceptibility to the development of NRTIassociated PN.
Discussion
In this study, we report that a specific allele, 4917G, in the mitochondrial genome that alters the amino-acid sequence of a critically important subunit of Complex I in the electron transport chain was associated with increased risk for the development of NRTI-associated PN. This variation remained a significant independent predictor of that outcome after controlling for other environmental and demographic risk factors. This, to our knowledge, is the first specific non-synonymous genetic variation related to the development of NRTI-associated PN. The size of the effect detected in this study appears to be considerable for the 10% of the non-Hispanic Caucasian population with the 4917G allele.
Mitochondrial genetic variation has been previously implicated in untoward complications of drug therapy. Increased susceptibility to aminoglycoside ototoxicity has been associated with mitochondrial ribosomal RNA gene mutations. 36 A recent study identified an increased risk for cisplatin ototoxicity associated with European haplogroup J. 37 Our study adds to the growing evidence that variation in the mitochondrial genome has relevance for pharmacogenomics. This should not be surprising given the vital importance of mitochondria in free radical generation, apoptosis and cellular energy production. [38] [39] [40] Although this study suggests a relationship between 4917G and NRTI-associated PN based on epidemiological evidence, the underlying biologic mechanisms remain to be elucidated. Functional alterations in protein subunits of the electron transport chain may result in greater electron leakage and increased formation of reactive oxygen species. Concomitant exposure to NRTIs could make this latent tendency clinically evident. The result may be destruction of critically important biological macromolecules and possibly damage to both mitochondrial and nuclear DNA culminating in mitochondrial dysfunction with, in this case, compromised neuronal function. [38] [39] [40] Certain mitochondrial polymorphisms, such as those at position 4917, are associated with late-onset neurodegenerative diseases and their relatively high frequency suggests that they do not severely affect reproductive fitness. [24] [25] [26] [27] [28] For this reason, there may have been relatively little selective pressure against these potentially deleterious polymorphisms. The present findings point the way for future studies to quantify the biochemical effects of the 4917G allele, especially as they relate to free radical generation. Replication of our findings in other study populations is needed to validate the observed association. It remains possible that this allele, despite the fact that it results in a non-synonymous change in a key subunit in Complex I, is in linkage disequilibrium with more important causative polymorphisms. Epistatic interactions between loci within the mitochondrial genome and between nuclear and mitochondrial genes should also be investigated further.
Somatic mutations that accumulate in the mitochondrial DNA over the lifetime of a given individual can result in a heteroplasmic mixture of mutant and wild-type DNA. 14, 16 Heteroplasmy, this variable proportion of mutant and wild-type mitochondrial DNA, can also affect the clinical presentation of rare familial mitochondrial diseases. 14, 16 The polymorphic variations evaluated in this study were homoplasmic, having only single form of the polymorphism present, and represent intrinsic maternal germline variation. Because mitochondrial haplogroup T is classified by a synonymous single-nucleotide polymorphism at position 13 368 in the Torroni/Wallace European haplogroup system, we sought to look elsewhere for the mitochondrial genetic variation that might possibly underlie the potential connection with NRTI-associated PN.
22 4216C and 4917G emerged as suitable candidate polymorphisms because of their previous association with LHON and other neurodegenerative processes, including PN. 41, 42 Case reports of HIV-infected individuals with primary LHON mutations documented onset of the disease phenotype after exposure to antiretroviral therapy. [43] [44] [45] [46] [47] These reports suggested that drug exposure unmasked a genetic predisposition to this neurodegenerative process. Non-genetic factors are clearly important in the development of NRTI-associated PN. In this study, age and specific NRTI regimen (ddI þ d4T) as expected were major factors influencing susceptibility to PN. Measurement of the exact contribution of each of these factors as well as that of the mitochondrial genetic variations will come from prospective modeling in a validation cohort. However, our analysis took into account several previously reported risk factors for the development of this pharmacologic complication and the 4917G allele remained independently associated with this phenotype.
In summary, a specific variation, 4917G, in the mitochondrial genome may increase susceptibility to NRTI-associated PN. The strength of association suggests that this common allele may help explain the relationship between mitochondrial haplogroup T and NRTI-associated PN. Future pharmacogenomic research into the complications of HIV therapy will need to consider the population frequencies of this polymorphism. As we continue to look for factors that will allow us to prevent drug toxicities and to individualize therapy, we need to remember that humans have two genomes and that both deserve our attention.
Materials and methods
Study population ascertainment
Participants from AIDS Clinical Trials Group (ACTG) study 384, a multicenter randomized controlled trial that enrolled volunteers in the United States and Italy between October 1998 and November 1999, were included in this analysis. Eligibility for ACTG 384 required fewer than 7 days of previous antiretroviral therapy and plasma HIV RNA of at least 500 copies/ml. Participants were randomized to receive either ddI plus d4T or ZDV plus 3TC, each in combination with efavirenz, nelfinavir, or both. All NRTIs were openlabeled. Specific details related to ACTG 384 have been published elsewhere. 48 Race and ethnicity were based on self-identification. Human DNA was obtained under ACTG protocol A5128. 49 Studies ACTG 384 and A5128 were approved by institutional review boards at each of the sites and all participants provided written informed consent. The ACTG and Vanderbilt Committee for the Protection of Human Subjects approved this use of DNA.
Definition of clinical outcome: development of PN Signs, symptoms and diagnoses were recorded at study entry and at each study visit during ACTG study 384 using a symptom distress self-report questionnaire that included pain and neuropathy. PN was graded according to the Division of AIDS (National Institutes of Health, Bethesda, MD, USA) Table for Severity of Adult Adverse Experiences as described elsewhere. 29 Cases in this study developed new PN of at least grade 1 severity during participation in ACTG 384. Controls were participants who did not develop signs and symptoms of PN. Participants with signs and/or symptoms of PN before randomization were excluded from the analyses.
Genetic analyses (DNA analysis) DNA was isolated from whole blood using PUREGENE (Gentra Systems Inc., Minneapolis, MN, USA). Genotyping was performed with the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems Inc., Foster City, CA, USA) using the 5 0 nuclease allelic discrimination Taqman assay. The mtDNA MTND1*LHON4216C polymorphism was detected using the same ABI sequence detection system. Primer and probe sequences are as follows: TaqMan MGB probe for the T allele: 6-FAM-AGCATTACTTA TATGATATGTC; TaqMan MGB Probe for the C allele: VIC-TAGCATTACTTATATGACATGTC; 4216 forward primer, TCCTATGAAAAAACTTCCTACCACTCA; 4216 reverse primer, GCTGGAGATTGTAATGGGTATGG. The mtDNA MTND2*LHON4917G polymorphism was detected by using a MGB Eclipse Probe (Nanogen, Bothell, WA, USA) because of a polymorphism at position 4818. This sequence is available upon request. Genotypic data were analyzed using ABI Sequence Detection System version 2.1 software and confirmed by visual inspection of the plots. Genotypes were classified as undetermined if PCR amplification failed with the specified sets of probes and primers.
Statistical analysis
Mitochondrial genotype frequencies were compared between cases and controls using Fisher's exact test or Pearson's w 2 tests. The MTND1*LHON4216C genotype frequencies were calculated as the proportion of cases or controls that carried T or C alleles and in the case of MTND2*LHON4917G, the A or G alleles. These polymorphisms are generally homoplasmic. Continuous variables were compared using Student's t-test or Mann-Whitney U as appropriate. Tests for statistical significance were twosided with an a-level of 0.05. Multivariable logistic regression was used to assess relationships between independent variables and outcome. Effect sizes for associations are measured as OR with 95% CIs. Stata 9.0 (College Station, TX, USA) was used for all statistical analyses. 
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